Abstract: Hyperthermophilic superoxide dismutases (SODs) are of particular interest due to their potential industrial importance and scientific merit in studying the molecular mechanisms of protein folding and stability. Compared to the mesophilic SODs, the hyperthermostable Fe-SODs (TcSOD and ApSOD) have an extended C-terminal helix, which forms an additional ion-pairing network. In this research, the role of the extended C-terminus in the structural stability of TcSOD was studied by investigating the properties of two deletion mutants. The results indicated that the ion-pairing network at the C-terminus had limited contributions to the stability of TcSOD against heat-and GdnHClinduced inactivation. The intactness of the C-terminal helix had dissimilar impact on the two stages of TcSOD unfolding induced by guanidinium chloride. The mutations slightly decreased the Gibbs free energy of the dissociation of the tetrameric enzymes, while greatly affected the stability of the molten globule-like intermediate. These results suggested that the additional ion-pairing network mainly enhanced the structural stability of TcSOD by stabilizing the monomers.
Introduction
Thermophilic enzymes, which are usually obtained from thermophiles, have extraordinarily high thermostability and exhibit their optimal catalysis at temperatures above 50 °C [1] . The ones with an optimal temperature above 80 °C are hyperthermophilic enzymes, which are of particular interest due to their potential industrial and commercial importance. Thermophilic enzymes also provide a valuable model system for studying enzyme evolution and mechanisms of protein stability, especially thermostability. Compared to its mesophilic homologues, many structural stabilizing factors have been characterized to contribute to the high thermostability of thermophilic enzymes, such as additional disulfide bridges, hydrogen bonds, ion pairs and hydrophobic interactions [1] [2] [3] [4] . Among these factors, it is now well-known that thermophilic proteins show a statistically increased number of electrostatic interactions such as salt bridges [5] . Moreover, many thermophilic proteins are known to have higher oligomeric state when compared to their mesophilic homologues, which implies that the formation of high-order oligomers may be closely associated with their hyperthermostability [1, [6] [7] [8] [9] [10] . It is also believed that the formation of the proper oligomeric structure is crucial to the catalysis and thermostability of the hyperthermophilic enzymes at high temperatures. However, the complexity in the folding and stability make it difficult to correlate the well-defined mechanisms in small proteins with the hyperthermostability of large oligomeric proteins.
Superoxide dismutases (SODs) are metalloenzymes that catalyze the disproportionation of superoxide radicals to protect cells from damaging by superoxide radicals [11] . SODs can be classified into four types depending on their metal selectivity, Cu/Zn-, Mn-, Fe-and Ni-SOD [12, 13] . During the past 10 years, many Fe-SODs from hyperthermophiles have been discovered [7, [14] [15] [16] [17] . Among them, TcSOD, which was discovered from a hotspring in Tengchong, Yunnan (China) by construction of metagenomic library and DNA sequencing as described previously [17] , has a high level of sequence homology (~80%) and structural similarity to the well-characterized thermostable Fe-SOD from A. Pyrophilus (ApSOD) [14, 17, 18] . The inter-and intra-subunit interactions through ion pairs were found to be important to the stability of TcSOD tetramer and monomer [10, 17] .
Sequence alignment analysis indicated that the hyperthermostable TcSOD and ApSOD are ~10 residues longer than the other less thermostable or mesophilic SODs ( Figure 1A ). These additional residues extend the C-terminal helix by two more helical turns and a coiled tail [17, 18] , which help to increase the interactions between the C-terminal helix and the neighboring subunit ( Figure 1B) . The stabilization interactions include four extra inter-subunit ion pairs (E194, K198, D208 and K211), extra hydrophobic interactions (A202, F209, V210 and L206) and an intra-subunit ion pair network (E204, K207, D208 and K211). Particularly, K211, the last residue at the C-terminus, forms a strong inter-subunit salt bridge with E194 (2.8 Å) at the A/C interface and a weak intra-subunit salt bridge with D208 (6.4 Å). In this research, the role of the extended C-terminus in the structural stability of TcSOD was investigated by study of the properties of two deletion mutants, M202 (residues 1-201) and M211 (residues 1-210). Unexpectedly, the removal of the last 10 residues at the C-terminus slightly decreased the stability of the tetrameric enzyme against inactivation and dissociation, but greatly destabilized the monomeric intermediate during TcSOD unfolding. The last two turns of the C-terminal helix (residues from 202 to 210) were highlighted in blue, while K211 was in yellow.
Results and Discussion

Characterization of the WT and Mutated TcSODs
The WT and mutated TcSODs were purified from the soluble fractions of the cell lysates, and the purity was evaluated by 12.5% SDS-PAGE ( Figure 2A) and SEC experiments. A comparison of the biophysical and biochemical properties of the WT and mutants is summarized in Table 1 . The SEC profiles for the three proteins were similar, which contains a single peak eluted at around 14.4 mL, a value similar to our previous result [10] , implying that the mutation did not affect the oligomeric state of TcSOD. Enzymatic assay indicated that neither M211 nor M202 affected the catalytic activity of TcSOD, which is consistent with the fact that the C-terminus is far away from the active site. The effect of the mutations on the metal content of TcSOD was measured by inductively coupled plasma high resolution mass spectrometry. The metal content of the three proteins (0.37-0.47 per subunit) was similar to those reported previously for the WT (0.35-0.52 per subunit) [10, 17] . It is worth noting that the iron content was smaller than 1 per subunit. This might be caused by metal loss during purification and dialysis for the mass spectrometry experiments [17] , and has also been reported by other groups [14, 18] . Actually, the slight difference in ion content (0.35-0.52 per subunit) did not significantly affect the spectroscopic and biochemical properties of TcSOD when evaluated by different lots of proteins (data not shown). The effects of the mutations on TcSOD secondary and tertiary structures were evaluated by CD, intrinsic Trp fluorescence and extrinsic ANS fluorescence spectra of the WT and mutated proteins ( Figure 2B and 2D). The CD spectra of the mutants were almost identical to that of the WT protein in both the shape and mean residue ellipticities at 208 and 222 nm, indicating that the mutants were wellstructured. Meanwhile, the intrinsic Trp florescence spectra of the three proteins had the same maximum emission wavelength (E m ) at about 337 nm, suggesting that the solvent-accessibility of the Trp residues was not affected by the mutations. However, both the M211 and M202 mutations resulted in a 30% increase of the Trp fluorescence intensity. This intensity increase might be due to the change of the fluorescence partially-quenched in the WT protein or an alternation of the flexibility of the residues around the Trp residues. Nonetheless, the intrinsic fluorescence results implied that the mutations might lead to a disturbance at the microenvironment around the Trp residues. A minor decrease in ANS fluorescence intensity was also observed for the two mutants, indicating that the hydrophobic exposure of TcSOD was slightly decreased by the mutations. These spectroscopic results suggested that the mutation had little effect on the secondary structure, but slightly modified the tertiary structure of TcSOD.
Thermal Stability of the WT and Mutated TcSODs
The effect of the mutations on the thermal stability of TcSOD was evaluated by measuring the timecourse thermal inactivation at 80 °C or 95 °C. When incubated at 80 °C, all of the three proteins were stable, and maintained ~95% residual activity after 2 h incubation (data not shown). At 95 °C, the time when TcSOD lost half of its activity was 91, 58 and 23 min for the WT, M211 and M202, respectively ( Figure 3 ).
Figure 3.
Thermal inactivation of the WT TcSOD, M202 and M211. The enzymes were dissolved in 20 mM phosphate buffer, pH 7.4, and heated at 95 °C. Aliquots of the enzyme solutions were taken at given time intervals, and then the residual activity was measured by the pyrogallol method at 25 °C. The final protein concentration was 0.27 mg/mL. The residual activity was normalized by taken the activity of the enzyme without heat-treatment as 100%. The data were fitted by the first-order kinetics, and the fitted data are presented as solid lines.
The significant decrease in the thermal stability at 95 °C induced by the M202 mutation suggested that the C-terminal helix contributed to the hyperthemostability of TcSOD. The changes in the transition free energy of thermal inactivation (ΔΔG ‡ in ) by the mutations could be calculated from Equation (15) , and it was −4.2 kJ/mol for M202 and −1.4 kJ/mol for M211.
GdnHCl-induced Inactivation and Equilibrium Unfolding GdnHCl-induced Inactivation and Equilibrium Unfolding
GdnHCl-induced inactivation and unfolding were performed to quantitatively evaluate the contributions of the extended C-terminal helix to TcSOD stability. For all transition curves, no significant difference was observed between the 0.27 and 0.7 mg/mL samples. This implied that the GdnHCl-induced denaturation was independent of protein concentration for all of the three proteins. The results of the 0.27 mg/mL sample were presented in Figures 4 and 5. All the three enzymes were fully-inactivated at GdnHCl concentrations above 3.0 M, and the midpoint of inactivation was at around 2.15 M GdnHCl (Figure 4 ). It is worth noting that the inactivation curves of the mutants slightly deviated form that of the WT enzyme and had a small platform between 1.0 M and 1.5 M GdnHCl. This might result from the stabilization of a tetrameric native-like intermediate, which was not obvious during the folding of the WT enzyme [10] . Consistent with the previous results [10] , the GdnHCl-induced equilibrium unfolding of the WT TcSOD was dominated by a three-state process (N 4 ↔ 4I ↔ 4U) when monitored by spectroscopic methods. It is worth noting that the involvement of a possible tetrameric intermediate was characterized by the inactivation experiments (Figure 4) . However, this intermediate was unable to be detected by CD and fluorescence spectroscopy, and thus was not included in the following curve fitting analysis. The population of a molten globule-like intermediate (I) was characterized by the appearance of a small plateau in the transition curve from the CD data and a peak in the intrinsic and ANS fluorescence at around 3 M GdnHCl ( Figure 5 ). The unfolding monitored by E m was an apparent two-state process, which corresponded to the I→U transition as characterized previously [10] . The transition curves of M211 were almost identical to those of the WT protein, except that the maximum ANS fluorescence was much higher than that of the WT. This suggested that the deletion of the last residue at the C-terminus increased the hydrophobic exposure of the intermediate state. As for M202, great discrepancy from the WT was observed for all the transition curves. The CD and E m data clearly indicated that the deletion of the last 10 residues at the C-terminus significantly decreased TcSOD stability against GdnHCl denaturation. Moreover, the transition curves from the intrinsic and ANS fluorescence intensity did not have a peak corresponding to the molten globule-like intermediate, which is quite different from the observations for the WT and M211. This phenomenon implied that the molten globule-like intermediate was unstable, and was not populated during the unfolding of M202.
A quantitative evaluation of the effect of the mutations on TcSOD unfolding was achieved by global fitting of the CD data using Equation 9 . The thermodynamic parameters (Table 2) of the WT was similar to those reported elsewhere obtained by independent linear fitting [10] . The M211 mutation slightly decreased the overall stability of TcSOD (~20 kJ/mol for G Δ for all of the three proteins. Thus the 5-15 kJ/mol decrease by the mutations did not significantly affect the N 4 →4I transition, but had a notable effect on the I→U transition. 
Discussion
Thermophilic and thermostable enzymes are of particularly interest in exploring the molecular mechanisms of protein thermostability. Although the experimental data have been increasingly accumulated, no general rules are available yet for the explanation and prediction of the remarkable stability of the thermophilic proteins. Among the possible factors, ion-pairing has been extensively investigated by structural modeling and site-directed mutagenesis, and most studies support the idea that ion-pairing is a strong stabilizing factor for hyperthermophilc proteins [3, [22] [23] [24] . For example, the introduction of new ion pairs has successfully been used as a tool to improve the thermostability of enzymes [3, [24] [25] [26] [27] . However, some reports indicated that ion-pairing can also be destabilizing or lead to thermolabile mutants [1, 5, 28] . Structural analysis indicates that the hyperthermophilic TcSOD and ApSOD contain an increased number of inter-and intra-subunit ion pairs compared to the mesophilic SODs [17, 18] . Particularly, the ~10 residues extended C-terminal tail forms an additional ion-pairing network through both inter-and intra-subunit ion pairs (Figure 1) . In this research, mutational analysis indicated that the ion-pairing network at the C-terminus indeed contributed to the stabilization of TcSOD against heat-and GdnHCl-induced denaturation (Figures 3 and 5) . The deletion mutations were found to destabilize TcSOD at 95°C by decreasing the ΔΔG ‡ in value (about 4.2 kJ/mol for M202 and 1.4 kJ/mol for M211). However, the mutations had no significant effects on TcSOD stability at 80 °C. Moreover, the mutations had no significant effects on TcSOD stability against GdnHCl-induced inactivation. These observations suggested that the additional ion-pairing network at the C-terminus had limited contributions to the extraordinary stability of TcSOD.
A common feature for hyperthermostable SODs from different resources, such as archaea and thermophilic bacterium, is that they usually exist in higher oligomeric states than their homologous mesophilic enzymes [29] . Oligomerization has been proposed to make a critical contribution to the stability of proteins [30] [31] [32] [33] [34] , and the stability of the quaternary structure is extremely important to the hyperthermostability of archaeon proteins [9] . Structural analysis indicated that the extended C-terminus of the hyperthermophilic SODs stabilizes the enzymes by participating in the A/C subunit interface via intra-and inter-subunit ion pairs and hydrophobic interactions [17, 18] . However, the dissociation of the tetrameric enzymes during unfolding was only slightly affected, and the 2 H O NI G Δ value was decreased less than 10% by the mutations ( Table 2 ). The unfolding results herein indicated that the C-terminal ion-pairing network was not crucial to the dissociation of TcSOD, suggesting that the other parts of the A/C interface might be much more important to TcSOD quaternary structural stability. This might also be the reason why the mutations were thermostable (Figure 3 ) and had minor effects on TcSOD inactivation induced by GdnHCl (Figure 4 ). Unlike its role in A/C dimer formation, little intra-subunit interactions could be characterized by structural analysis between the extended C-terminus and the central structure ( Figure 1B) . Unexpectedly, the most striking effect of the mutations on TcSOD unfolding was the great decrease in the 2 H O IU G Δ value, which was 10% by M211 and 30% by M202 (Table 2) . One possible explanation is that the two more helical turns extended by the last 10 residues at the C-terminus might help to stabilize the C-terminal helix, which is crucial to the I→U transition of TcSOD unfolding. Thus, the results herein suggested that the additional ionpairing network mainly enhanced the structural stability of TcSOD by stabilizing the monomers. The observations that the C-terminal helix did not significantly affect the hyperthermostability might be correlated to its limited contributions to subunit interactions of TcSOD, which also highlight the roles of oligomerization in the extraordinary stability of extremophilic proteins.
Experimental Section
Materials
Guanidine hydrochloride (GdnHCl), 8-anilino-1-naphthalenesulfonic-acid (ANS) and sodium dodecyl sulfate (SDS) were purchased from Sigma Chemical Corporation. Restriction enzymes, Taq DNA polymerase and T4 DNA ligase were purchased from TaKaRa Biotechnology Co., Ltd. (Dalian). Vector pET28a was purchased from Novagen (Merck KGaA, Darmstadt, Germany). All other chemicals were local products of analytical grade.
Site-directed Mutagenesis
Two mutants of TcSOD, M202 and M211, in which A202 and K211 in TcSOD were replaced by the stop codon (TAA), were obtained by site-directed mutagenesis. The mutagenic primers were: 5'-CCAAGCTTTTACTTCATAGCCTTTTC-3' for M202, and 5'-CCAAGCTTTTATTACACAAAATCCTT-3' for M211 (the BamHI and HindIII sites are in italics). These two primers were used as the 3'-reverse primers in the polymerase chain reaction, and the forward primers were the same as those described previously [17] for TcSOD. Site-directed mutations were carried out using 10 ng of the double-strand DNA (entire plasmid vector harboring the sod gene), 10 pmol of the primer, LA-Taq DNA polymerase and the buffer supplied with the DNA polymerase. The 25 cycles of amplification was performed as follows: 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s. The amplified fragments were inserted into the vector pET28a after both digested with BamHI and HindIII. The ligated plasmids were verified by DNA sequencing.
Protein Expression, Purification and Characterization
The WT TcSOD and the two mutants were expressed in E. coli BL21 with pET28a plasmid and purified by Ni-NTA affinity chromatography and size-exclusion chromatography (SEC) as described previously [17] . The purity of final products was evaluated by 12.5% SDS-and 10% native-PAGE analysis. The protein concentrations and SOD activity was assayed according to the standard methods [35, 36] . The SOD activity was defined as the amount of enzyme that inhibits the autoxidation of pyrogallol by 50% as described previously [35] . The metal contents of SODs were detected by inductively coupled plasma high resolution mass spectrometry at the Analytical Center of Tsinghua University using the samples after dialysis against the metal-ion-free buffer.
Size-exclusion Chromatography
The size-exclusion chromatography (SEC) experiments were carried out on a Superdex 200HR 10/30 column on an AKTA FPLC (Amersham Phamacia Biotech, Sweden). The column was pre-equilibrated with 20 mM sodium phosphate buffer (pH 7.4), and then 100 μL protein solutions were injected into the column. All samples were run at a flow rate of 0.5 mL/min at 25 °C.
Spectroscopic Experiments
All spectroscopic experiments were performed at 25 °C with a protein concentration of 0.27 mg/mL. Details regarding the spectroscopic measurements were the same as those described elsewhere [10] . In brief, the Far-UV circular dichroism (CD) spectra were recorded on a Jasco 715 spectrophotometer (Jasco Corp., Tokyo, Japan) and the fluorescence spectra were measured on an F-2500 spectrophotometer (Hitachi Ltd., Tokyo, Japan). The ANS binding affinity to the WT and the mutants was monitored with an excitation wavelength of 380 nm and an emission wavelength ranging from 400 to 600 nm.
Data Analysis
The equilibrium folding transition curve monitored by CD was analyzed according to a three-state model as characterized previously [10] :
where N 4 is the native tetrameric protein, I is the monomeric intermediate state, and U is the fullyunfolded state. The equilibrium constants for the two transitions in Equation (1) are:
and the mole fractions of each species are:
Then f I can be obtained from Equation (4):
in which: 
/
The free energy changes can be expressed as a function of the GdnHCl concentration:
The CD data are described as:
where y is the global relative ellipticity at 222 nm, у N and у U are the intercept of the initial and final baselines, respectively. m N and m U are the slopes of the initial and final baselines, respectively, and y I represents the fraction of the intermediate calculated by the CD data. The folding profiles were fitted to Equation (9) with the regression wizard of SigmaPlot, followed by the nonlinear least-squares algorithm. The equilibrium folding transition curve monitored by E max was analyzed according to a two-state model:
The mole fractions of N and U are:
The root of Equation (13) is the same as that described in Equation (5) 
Thermal-and GdnHCl-Induced Inactivation
The thermostability of SODs were measured by treating the enzymes at 95 °C in 20 mM sodium phosphate buffer, pH 7.4, and aliquots of the enzyme solutions were taken at given time intervals. Then the residual activity was measured by the pyrogallol method at 25 °C [35] . The inactivation rate constants (k in ) were obtained by fitting the thermal inactivation data by the first-order kinetics. The changes in the transition free energy of thermal inactivation (ΔΔG ‡ in ) was calculated according to the Equation (15) [37] :
GdnHCl inactivation was carried out by dissolving the enzymes in 20 mM sodium phosphate buffer, pH 7.4, containing various concentrations of GdnHCl for 12 h at 4 °C. The final concentration of the protein was 0.27 mg/mL for both the thermal-and GdnHCl-inactivation experiments. The residual activity was normalized by taking the activity of the sample treated at 25 °C in the absence of GdnHCl as 100%.
Conclusions
In this research, we investigated the impact of the extended C-terminal helix on the activity, structure, and stability of TcSOD. A comparison of the properties of the WT enzyme and two deletion mutants indicated that the extra ion-pairing network at the C-terminus had limited contributions to the stability of TcSOD against heat-and GdnHCl-induced inactivation. Interestingly, the intactness of the C-terminal helix had dissimilar effects on the two stages of TcSOD unfolding. The mutations resulted in a minor decrease in the Gibbs free energy change of the TcSOD dissociation, while a significant decrease in that of the unfolding of the monomeirc intermediate. These results herein suggested that the additional ion-pairing network at the C-terminus mainly enhanced the structural stability of hyperthermophilic SODs by stabilizing the molten globule-like folding intermediate.
